[1] Understanding the construction and stabilization of Archean continental lithosphere has important implications for models of tectonic and thermal regimes in the early Earth, as well as for the subsequent evolution of continents. We provide new constraints for the amalgamation and stabilization of the eastern Kaapvaal craton in the vicinity of the Barberton greenstone belt circa 3.3-3.1 Ga. Isotope dilution thermal ionization mass spectrometry U-Pb geochronology and thermochronology are combined with mapping and structural analysis around the margins of this belt in order to constrain movement on major shear zones that separate high-grade orthogneiss terranes from low-grade supracrustal rocks and to relate this movement to the timing of differential exhumation. New and existing data are consistent with accretion at $3.23 Ga within an oblique subduction plate boundary manifested in the BGB as an asymmetric flower-like structural geometry. For >100 Ma following terrane assembly, transform boundary tectonics, manifested partially as transtension on reactivated faults, led to large-scale juxtaposition of middle to lower crustal basement orthogneiss complexes against upper crustal greenstone sequences and episodic emplacement of granitic batholiths. Stabilization of this portion of Archean lithosphere involved at least a three-stage process: (1) creation of a thick and rigid mantle lithosphere during crustal growth, subduction, and terrane assembly from circa 3.30 to 3.23 Ga, (2) generation of a rigid crust during strike-slip and transtensional tectonics coupled with migration of granites and heat-producing elements into the upper crust between circa 3.2 and 3.1 Ga, and (3) erosion and removal of the uppermost crust during regional peneplanation that lasted until circa 2.9 Ga.
Introduction
[2] Archean cratons are characterized by their resistance to recycling into the mantle. This may be in part explained by the observation that numerous physical characteristics of Archean lithosphere are different from younger lithosphere. The most prominent example is that Archean cratonic lithosphere has been shown by numerous tomographic studies to have a thick and relatively high-velocity mantle root [Fouch et al., 2004; James et al., 2001; Jordan, 1978 Jordan, , 1988 Ritsema et al., 1998; Rudnick and Nyblade, 1999; Simons et al., 1999] . Jordan [1978] suggested that retaining a thick and ''cold'' buoyant lithosphere requires depletion in heavy elements such as iron, possibly by the removal of basaltic melt in a subduction zone setting, creating a physically thick and relatively buoyant tectosphere that will not sink into the underlying asthenospheric mantle [also see Jordan, 1988] . This so-called isopycnic theory is convenient in that it also explains the observed lower surface heat flow of some cratons compared to adjacent terranes [Morgan, 1985; Perry et al., 2006] and predicts a relatively cool mantle lithosphere that is capable of preserving ancient diamonds [e.g., Richardson et al., 1984; Shirey et al., 2002; Westerlund et al., 2006] .
[3] Continental lithosphere generated in convergent collisional regimes concurrent with terrane amalgamation should yield thick continental crust relative to adjacent terranes. In reality, Archean cratonic crustal thickness today is characterized by highly variable thickness [Doucouré and de Wit, 2002; Durrheim and Mooney, 1994; Gupta et al., 2003; James and Fouch, 2002; Nguuri et al., 2001 ], but on average thinner than adjacent younger terranes [Durrheim and Mooney, 1994; Assumpção et al., 2002; Clitheroe et al., 2000; Perry et al., 2002] . If cratonic mantle lithosphere is constructed of mantle lithosphere and asthenosphere depleted during subduction zone magmatism and accreted during collision, then thinner crust can be explained by surface erosion to maintain isostatic equilibrium with a positively buoyant mantle lithosphere [Perry et al., 2002] . However, an important observation is that in cratonic settings lowgrade supracrustal rocks are commonly juxtaposed against middle to lower crustal basement orthogneiss [e.g., de Wit and Ashwal, 1997; Van Kranendonk et al., 2007] , in what is often termed ''dome-and-keel'' structural geometry [e.g., Marshak et al., 1992] . This is inconsistent with crustal thinning by isostatic forces and erosion alone. This observation, in concert with the heterogeneity of crustal thickness observed in some cratons, suggests that postassembly modification of the crust is an important mechanism for its stabilization, and that the processes and timing of stabilization may vary widely. Determining a high-resolution timescale for the tectonic and thermal evolution of cratonic crust is essential therefore to determine the relative importance of different processes leading to lithospheric stabilization.
[4] The Kaapvaal craton in southern Africa (Figure 1 ) is ideal for the study of Archean lithospheric evolution, in part because many aspects of its physical and chemical properties are well understood from seismic [Fouch et al., 2004; James et al., 2001; Nguuri et al., 2001] and xenolith [Bell and Moore, 2004; Carlson et al., 2000; Pearson et al., 1995; Schmitz and Bowring, 2003a; Shirey et al., 2001] studies. This work has shown that there is a $250-300 km thick chemically depleted mantle root beneath continental crust that varies from 32 to 50 km thick within the craton, adjacent to Proterozoic lithosphere with significantly thinner mantle and consistently >40 km of crust. The oldest and best exposed basement rocks in the craton are located in eastern South Africa and Swaziland, in the vicinity of the Barberton greenstone belt (BGB; Figures 1 and 2 ). In addition to hosting significant economic concentrations of gold, this area has become a classic locality for understanding Archean tectonics, sedimentology and geobiology since the work of Viljoen and Viljoen [1969] . The apparent resistance to deformation of this region for some 3 Ga marks it as a prime target for understanding how it became part of stable cratonic lithosphere. The amalgamation of the eastern Kaapvaal craton occurred between about 3.7 and 3.1 Ga, culminating at circa 3.23 Ga during the collision and amalgamation of two or more microcontinents de Ronde and Kamo, 2000; de Wit, 1982; Kamo and Davis, 1994; Lowe, 1994] . Stabilization of the crust may have began circa 3.2-3.1 Ga during the intrusion of large subhorizontal granitic batholiths and a transition toward dominantly strike-slip and transtensional tectonics [Anhaeusser, 1983; de Wit et al., 1992; Jackson et al., 1987; Lowe and Byerly, 1999a; Westraat et al., 2005] , which was followed by the erosion of at least 10 km of crust during regional peneplanation [e.g., de Wit et al., 1992] . However, the period between 3.2 and 3.1 Ga following initial amalgamation is poorly understood, despite its importance in initiating stabilization of this portion of the craton. In particular, the timing and genetic relationship between granitic magmatism and strike-slip tectonics and [5] This paper summarizes a structural, geochronological, and thermochronological study aimed at constructing a high-precision thermotectonic timeframe that documents the relationship between supracrustal sequences and granitoid and orthogneiss complexes near the margins of the BGB immediately prior to terminal cratonization. We have used structural analysis on several key shear zones that separate high-grade orthogneiss from lower-grade greenstone belt rocks in order to characterize the kinematics of the final period of deformation in this area. High-precision isotope dilution thermal ionization mass spectrometry (ID-TIMS) U-Pb zircon geochronology by using new zircon chemical abrasion techniques [Mattinson, 2005] is employed on orthogneisses and crosscutting syntectonic intrusions in shear zones to bracket the timing of deformation and determine crystallization ages with less than million year precision and accuracy. U-Pb apatite thermochronology in combination with existing thermochronological data constrain the relative exhumation history of different crustal blocks between circa 3.45 and 3.1 Ga within a tectonic framework established by structural geology and geochronology. The results help differentiate the effects of circa 3.23 Ga transpressional assembly from subsequent strikeslip and transtensional modification of the crust circa 3.2-3.1 Ga, and the role of each process in defining the final architecture of the Mesoarchean craton which has been relatively stable for circa 3 Ga.
2. The 3.6-3.1 Ga Evolution of the Eastern Kaapvaal Craton
[6] The present-day character of the eastern Kaapvaal craton is the result of a complex and protracted evolution during the Mesoarchean, followed by $3 Ga of relative stability. Of primary importance for this study is the tectonic development circa 3.23 -3.10 Ga, which began with a period of crustal assembly that is inferred to have largely influenced the present-day architecture of the crust, and is summarized below (Figure 2) .
[7] This study is concerned with the Barberton Greenstone Belt (BGB) and the adjacent basement orthogneiss terranes. The stratigraphy of the BGB is locally variable and characterized by a diverse set of unconformities, structural repetitions and deformation patterns. It is broadly subdivided into three main units: The Onverwacht Group (circa 3.55-3.25 Ga), the Fig Tree Group (circa 3.25 -3.22 Ga), and the Moodies [Anhaeusser, 1969 [Anhaeusser, , 1976 [Anhaeusser, , 1983 Condie et al., 1970; de Wit, 1982; de Wit et al., 1987b; Eriksson, 1980; Armstrong et al., 1990; Lowe, 1994a, 1994b; Lowe and Byerly, 1999a; Viljoen and Viljoen, 1969] (Figure 2) . The Sandspruit and Thee- [Lamb and Paris, 1988] and even within single stratigraphic sequences Lowe, 1994a, 1994b; Lowe and Byerly, 1999b] .
[8] The BGB is bordered on all sides by gneisses and plutonic rocks that span circa 500 Ma in age (Figure 2 ). The Ancient Gneiss Complex (AGC), exposed in Swaziland, flanks the SE margin of the belt and contains the oldest rocks yet identified in the Kaapvaal craton. The AGC examined within this study is composed primarily of banded felsic to mafic gneisses that were metamorphosed and deformed during several distinct periods at >3.6 Ga, 3.55 -3.50 Ga, and circa 3.45 Ga [Hunter et al., 1978; Jackson, 1979 Jackson, , 1984 Hunter et al., 1984; Compston and Kröner, 1988; Kröner et al., 1989] . These older rocks were intruded by a series of tonalites and granodiorites circa 3.23 Ga that were subsequently ductilely deformed to varying degrees [Kröner et al., 1989; Schoene and Bowring, 2004; Wilson, 1982] . Orthogneiss and igneous complexes are also juxtaposed against the southern and northwestern margins of the BGB, namely the circa 3.51 Ga Steynsdorp pluton (or Steynsdorp dome [Kisters and Anhaeusser, 1995b] ), the circa 3.45 Ga Stolzburg, Theespruit, and Doornhoek plutons and the circa 3.23 Kaap Valley and Nelshoogte plutons (Figure 2 ). These rocks are intruded by a series of circa 3.107 Ga granitic batholiths and syenogranitic intrusions with variable magmatic to subsolidus fabrics along all margins of the BGB [Anhaeusser, 1983; Kamo and Davis, 1994; Westraat et al., 2005] except for the SE margin, where the Pigg's Peak batholith intruded at circa 3.14 Ga [Schoene and Bowring, 2007] .
[9] We note here that there is potential for confusion regarding the terminology used historically to describe these granitoid rocks flanking the margins of the BGB. This has resulted from the use of the word ''pluton'' to describe groups of granitic rocks that are presumed or shown to share a common igneous origin (either temporally or genetically). Many rocks from a single ''pluton,'' however, were subsequently deformed ductilely such that they would now be more aptly described as gneisses. Throughout this paper, we replace the historically used term ''pluton'' with ''gneiss'' or ''complex'' for groups of rocks that are composed mostly of orthogneisses or a mixture of such orthogneisses and igneous rocks, respectively (e.g., the Stolzburg pluton, described herein as the Stolzburg complex). An exception is in the Kaap Valley and Nelshoogte plutons, which are ubiquitously foliated and/or lineated but not banded or layered and may be relatively uniform in age within their mapped boundaries.
[10] The relationship between the orthogneiss complexes and the BGB is similar in many places to that observed in other Archean and younger greenstone belts: greenschist-or lower-grade supracrustal rocks in a series of upright tight to isoclinal antiform/synform pairs separated by shear zones from higher-grade basement rocks [i.e., de Wit and Ashwal, 1997; Van Kranendonk et al., 2007] . This structural character is often called ''dome-and-keel'' structure, and has been used to generate various models that apply uniquely to Archean tectonic processes, or lack thereof (see discussions by Lin [2005, and references therein] and Marshak et al. [1997, and references therein] ). In the BGB, however, contacts between some igneous rocks and supracrustal rocks retain an intrusive relationship (for example, in the Stolzburg complex, described in this paper and by Kisters and Anhaeusser [1995a] Ar data combined with P-T estimates show that some circa 3.45 Ga mafic to ultramafic volcanics (in the ''keels'') were never above lowgreenschist to lower-amphibolite-grade conditions [Cloete, 1991; López Martinez et al., 1992; Xie et al., 1997] . Peak metamorphic conditions of portions of the Komati and Hooggenoeg formations are inferred to have been generated immediately following their formation and burial on the seafloor de Wit, 1982; de Wit et al., 1987a de Wit et al., , 1987b de Wit et al., , 1992 Lowe, 1999; Williams and Furnell, 1979] . In contrast, SW of the BGB (in the ''domes''), slivers of amphibolites and mafic semipelites within the circa 3.45 Ga orthogneiss complexes yield P-T estimates from upper-amphibolite-to granulite-grade conditions [Diener et al., 2005; Dziggel et al., 2002; Kisters et al., 2003; Stevens et al., 2002] . Significantly, some slivers of rocks record high-P, low-T metamorphism typical in modern subduction zone settings [Moyen et al., 2006] . The timing of this metamorphism and deformation in the rocks SW of the BGB is constrained by a U-Pb date of circa 3.23 Ga on a synkinematic intrusion [Dziggel et al., 2005] and by U-Pb sphene dates of circa 3.23 Ga, which provide a minimum estimate for the timing of metamorphism [Diener et al., 2005; Dziggel et al., 2005] . These data are consistent with earlier investigations that inferred the existence of a period of subduction-accretion at circa 3.23 Ga. An orthogneiss xenolith from the Nelspruit batholith north of the BGB gives ages as old as 3.3 Ga [Kamo and Davis, 1994] , suggesting that crustal growth (associated with subduction?), may have in fact begun much earlier.
[11] The circa 3.23 Ga period of convergent deformation is suggested to have generated the dominant NE -SW structural trend of the BGB during collision and suturing along the Saddleback-Inyoka fault system (SIFS in Figure 2 ) de Wit et al., 1992] . NW -SE directed thrusting and syntectonic sedimentation of the Moodies Group lithologies has been widely reported throughout the belt de Ronde and Kamo, 2000; de Wit et al., 1992; Heubeck and Lowe, 1994b; Jackson et al., 1987; Lamb, 1984; Lowe, 1999] . Constraints on the timing of NW -SE thrusting within the BGB are provided by U-Pb dating of circa 3.23 Ga intrusions and volcanic rocks that bracket the generation of folds and unconformities in the Fig Tree and lower Moodies Groups that developed during shortening in the central and western portion of the BGB Kamo and Davis, 1994; de Ronde and Kamo, 2000] .
[12] Following NW -SE convergence and accretion, there was a transition toward NE -SW strike-slip to transtensional faulting and sedimentary deposition through at least the central and NW areas of the BGB de Ronde and Kamo, 2000; de Ronde et al., 1991; Lowe, 1994a, 1994b; Jackson et al., 1987; Lowe, 1999] . Strike-slip and extensional kinematics have been suggested to be either the result of gravitational collapse immediately following circa 3.23 Ga accretion [Kisters et al., 2003] or $100 Ma later contemporaneous with circa 3.11 Ga granitic intrusions Jackson et al., 1987; Kamo and Davis, 1994; Westraat et al., 2005] , though few temporal constraints exist for this event; de Ronde et al. [1991] bracketed movement on one dominantly strike-slip fault near Barberton to have occurred between 3126 ± 21 and 3080 ± 18 Ma by U-Pb dating of a synkinematic porphyry and postkinematic rutile growth. Rocks inferred to be circa 3.11 Ga associated with the Mpuluzi batholith at the southern end of the Stolzburg complex intruded synkinematically into an extensional transcurrent shear zone [Westraat et al., 2005] . Schoene and Bowring [2007] used U-Pb apatite and sphene thermochronology to show that circa 3227 Ma orthogneisses of the Kaap Valley pluton and the Pigg's Peak inlier (Figure 2 ) experienced dramatically different cooling histories, and that the basement to the SE in Swaziland experienced postintrusion middle to lower crustal residence followed by rapid cooling from $3140 to 3130 Ma concomitant with intrusion of the Pigg's Peak batholith. They inferred that rapid cooling SE of the BGB may have been related to local or regional exhumation along the gneiss-greenstone contact. These data suggest that the scale and effect of strike-slip to transtensional movement throughout the belt may have been larger than previously inferred from structural observations. Therefore, measurements that define the kinematics and timing of circa 3.23-3.10 Ga tectonism along all margins of the belt are crucial in understanding the final structural and thermal stabilization of this portion of the Kaapvaal craton. Here, we report on such work along four of these margins.
3. Field Locales, Kinematic Analysis, and Geochronology [13] This section summarizes the field observations from the selected localities and the samples taken for U-Pb ID-TIMS geochronology and thermochronology. U-Pb zircon data was collected primarily using chemical abrasion techniques [Mattinson, 2003 [Mattinson, , 2005 , though some air abrasion data [Krogh, 1982] Renne et al., 1998; Mattinson, 2000; Min et al., 2000; Begemann et al., 2001; Schoene et al., 2006] (Figure 3 ) is the only exposure in the region where rocks of the AGC are in direct contact with any portion of the BGB. Along this contact is an $1.5 km wide zone of mylonitic AGC and other metaigneous rocks, here termed the Phophonyane Shear Zone, PSZ. No detailed lithologic or structural description of the PSZ has been published. Compston and Kröner [1988] presented a U-Pb SHRIMP data set on zircons from a sample of the lithologically complex gneiss from the inlier SE of the PSZ. Apparently concordant U-Pb dates ranging from circa 3.6 to 3.0 Ga are found in the zircons, but multiple growth zones, complex Pb loss and negative discordance in the analyses prevent a straightforward interpretation of the results. An in situ weighted-mean 207 Pb/ 206 Pb date of 3644 ± 4 Ma from that study is the oldest date that has previously been published from the Kaapvaal craton. Kröner et al. [1989] presented further U-Pb SHRIMP dates on two leucocratic granitic gneiss samples from this inlier. These analyses are generally discordant with an upper intercept age of 3179 ± 11 Ma. Schoene and Bowring [2007] reported U-Pb zircon, sphene, and apatite data from a granodioritic gneiss sample within the inlier (AGC01-4; Figure 3 ). They conclude that the rock, which gives a 207 Pb/ 206 Pb age of 3226.1 ± 0.7 Ma, had a protracted cooling history between 3.23 and 3.05 Ma, which may be due to circa 3.14 -3.13 Ga exhumation along the PSZ.
Mapping and Structural Analysis
[15] Mapping, structural analysis, and geochronology from the Pigg's Peak inlier are directed toward understanding the age relationships of the different intrusions, determining the timing and kinematics of movement along the PSZ, and relating that to the regional thermal structure in the Mesoarchean. Figure 3 shows a lithologic and structural map of the Pigg's Peak inlier, as well as a structural cross section. Rocks of the inlier consist of a complicated series of igneous and metaigneous rocks that we broadly categorize into several mappable units, described below. date of 3140.3 ± 0.3 Ma [Schoene and Bowring, 2007] . The NW margin of the inlier is juxtaposed against apparently lower-grade metasediment of the BGB, though this contact is concealed, and outcrop of the metasediment is poor near the contact. Where observed, this sediment is low-grade quartzite/sandstone ± highly altered micas. The PSZ is here defined as the 1 -1.5 km wide band of NW dipping mylonitic metaigneous rocks within in the inlier that parallels the contact with the BGB and runs NE -SW ( Figure 3 ).
[16] Rocks outside the PSZ (SE of the dashed gray line in Figure 3 ) preserve evidence for multiple episodes of superimposed ductile deformation and igneous intrusion. These early deformations are represented by a gneissose foliation and short-wavelength (<1 m) folding defined by lithologic banding on all scales, as well as flattened mineral aggregates of quartz and feldspar and aligned biotite. Tight to isoclinal folds are in places transposed in moderately developed doubly plunging and/or sheath folds that define an irregular fold-hinge pattern on a stereographic projection ( Figure 3c ). Tight folds are often but not always axial planar with the average local foliation. These structures are wellexposed in road-cuts within the bimodal gneiss near ''the Because of the varying scales of banding in this unit (cm to 100 m), it is represented in Figure 3 mostly by undifferentiated banded gneiss. In places within the PSZ, however, the banding is thick enough to be mapped as separate lithologies, such as the porphyritic tonalitic gneiss in Figure 3 (e.g., sample AGC01-5; Figure 4 ). A fine-grained granite (sample EKC02-20; Figure 4 ) intruded after at least part of the foliation and folding in the banded gneiss had developed, and then subsequently developed a foliation. This fine-grained granitic gneiss is in turn cut by undifferentiated granitic, granodioritic, and monzogranitic rocks which have poorly to moderately developed foliation defined by stretched quartz and feldspar and aligned mafic minerals. These three lithologic packages (banded gneiss, granitic gneiss, and undifferentiated younger (meta)igneous rocks) are all cut by a series of thin quartz-feldspar pegmatitic and aplitic dikes that are variably sheared within the PSZ and largely undeformed outside the PSZ.
[17] The SE margin of the PSZ, demarcated by the thick dashed gray line in Figure 3 , is transitional over a distance of $100-200 m. This transition is characterized by the gradual rotation of foliation toward NE -SW striking, NW dipping foliation, which is best observed in the NE portion of the field area. Foliation within the PSZ, though still defined by lithologic banding and aligned or flattened minerals, is more finely banded and mylonitic and more consistent on all scales compared to outside the PSZ. Ubiquitous NE trending shallowly dipping (<20°) quartz and feldspar stretching lineations in nearly all lithologies are present ( Figure 3b ). Isoclinal folds are axial planar to the foliation defined by lithologic banding and flattened or aligned minerals. Fold hinges within the PSZ are subparallel to stretching lineations (Figures 3b and 4) . Therefore, the finite strain ellipse from deformation within the PSZ is interpreted to be uniform within the PSZ, with the X-Y axes (X > Y > Z) within the plane of foliation and the x axis parallel to stretching lineations and fold axes. Within the X-Z and X-Y plane, mineral elongation tails around most rigid [18] The PSZ is cut by variably sheared syntectonic pegmatitic granitic and aplitic dikes. These dikes are identical in lithology to those described outside the PSZ. However, while these dikes remain undeformed outside the PSZ, within the shear zone, many of them contain foliation and quartz and feldspar stretching lineations that are parallel to those in the host mylonites that they crosscut. Thus, they intruded after the majority of foliation development within the host rocks but before complete termination of deformation. Many of the hundreds of dikes present are offset along foliation planes and are well exposed in three dimensions. Those observed in the X-Z plane (perpendicular to foliation, parallel to lineations) record dextral movement and, where offset occurred, minerals lineations in foliation planes are parallel to mineral stretching lineations in the host rock ( Figure 5 ). When observed in the X-Y plane, the dikes show undulating shear folding in both directions. Two of these dikes were sampled for geochronology (EKC02-8 and EKC02-10; Figure 5 and Table 1 ).
[19] The consistency in the orientations of foliation, lineations, and fold hinges within the PSZ suggests that shearing in these rocks overprinted all earlier phases of deformation recorded in the SE portion of the inlier outside of the PSZ. Therefore, these small-and large-scale structures can be used to interpret the kinematics of movement within the PSZ without deconvolving the earlier history in detail, and this is done in section 4.1.
Southern Margin: Steynsdorp Antiform

Previous Work
[20] The Steynsdorp antiform, along the southern margin of the BGB (Figures 2 and 6) , consists of the dome-shaped tonalitic-trondhjemitic-granodioritic Steynsdorp gneiss (previously called the Steynsdorp pluton; we use the term Steynsdorp dome here to refer to its geometry [Kisters and Anhaeusser, 1995b] ) and the structurally overlying lowermost units of the BGB: the Sandspruit (arguably present), Theespruit, Komati, and Hooggenoeg formations [Anhaeusser, 1983; Kröner et al., 1996; Viljoen and Viljoen, 1969] (Figure 6 ). Amphibolite lenses within the Steynsdorp gneiss are the only indication of its metamorphic grade, mafic units of the Theespruit formation have both amphibolite and actinolite-talc assemblages [Kisters and Figure 5 . Field photos and concordia plot for syntectonic dikes from within the Phophonyane shear zone, Pigg's Peak inlier. Field photos show dikes crosscutting foliation of banded orthogneiss of the AGC; viewed within $35°of the X-Z plane of the finite strain ellipse. The dikes contain weak foliation parallel to the host rocks and are sheared, indicating right-lateral dip-slip offset. EKC02-8 crosscuts EKC02-10; the older dike has strong stretching lineations parallel to those in the host rock. Field notebook is for scale in both photos. Sample locations are shown in Figure 3 . Anhaeusser, 1995b] , whereas the Komati and overlying Hooggenoeg formations are likely greenschist facies, with commonly observed actinolite-chlorite and talc schists [Viljoen and Viljoen, 1969; Kröner et al., 1996] . No quantitative thermobarometry has yet been published on these rocks. The southern margin of the gneiss is intruded by the Mpuluzi granite, which has been dated by U-Pb ID-TIMS on zircon and sphene at 3107 +4/À2 Ma [Kamo and Davis, 1994] . The igneous protolith of the Steynsdorp gneiss has been dated by U-Pb in zircon both by ID-TIMS, giving an upper intercept of 3509 +8/À7 Ma [Kamo and Davis, 1994] , and by SHRIMP, giving an upper intercept at 3509 ± 4 Ma Figure 6 . (a) Geologic map of the Steynsdorp antiform, compiled from this study, Anhaeusser [1983] , Kröner et al. [1996] , and Kisters and Anhaeusser [1995b] . Structural data are from this study only; see Kisters and Anhaeusser [1995b] for further structural detail. Structural symbols are the same as those in Figure 3 , except that here, strike and dip symbols represent foliation defined by compositional banding and aligned planar minerals of undifferentiated origin; thick dark lines represent faults. Sample locations are shown with 207 Pb/ 206 Pb ages (in Ma; z, zircon; a, apatite; s, sphene). Concordia plots for U-Pb data are in Figure 7 . Ages for the Dalmein pluton and the Mpuluzi batholith are from Kamo and Davis [1994] . (b) Structural data from this study only plotted on a stereonet. (c) Schematic structural cross section from X-X 0 . The zone of maximum strain (gradational but hundreds of meters wide), the Steynsdorp shear zone (SSZ), is shown in the vicinity of the contact between the Steynsdorp gneiss and the Theespruit Formation. Below, rock names representing degree of strain are given. . Zircons from a felsic mylonitic tuff within the Theespruit Formation were dated by U-Pb SHRIMP, and these analyses form a discordia with an upper intercept of 3544 ± 3 Ma . A sample of the Steynsdorp gneiss was also collected for ID-TIMS dating in this study (EKC02-40; Figure 7 ).
[21] The structural history of the Steynsdorp antiform was studied in detail by Kisters and Anhaeusser [1995b] . Contacts between the Steynsdorp gneiss and the Theespruit Formation are sharp, mylonitic and clearly faulted. The key structural observations in that study are (1) foliation in the Steynsdorp gneiss is defined by compositional banding and planar minerals such as biotite, and this fabric represents solid-state deformation; (2) foliation in both the Steynsdorp gneiss and the overlying BGB units are parallel to the contact between them (i.e., hemispherical), and this foliation becomes weaker toward the contact with the Komati Formation, interpreted as a fault; (3) lineations in both the Steynsdorp gneiss and the BGB units, defined by elongated amphiboles or stretched quartz and feldspar trend uniformly to the NE throughout the antiform; (4) lineations are also subparallel to fold axes of mesoscale isoclinal folds (wavelengths of several centimeters to tens of meters) defined by lithologic banding within the Theespruit Formation and Steynsdorp gneiss; and (5) a vertical crenulation cleavage, which is axial planar to the Steynsdorp dome, is present in the Theespruit formation. Kisters and Anhaeusser [1995b] use these observations to suggest the Steynsdorp antiform was the result of subhorizontal E-W shortening superimposed upon a buoyantly rising Steynsdorp dome.
[22] The timing of the formation of the Steynsdorp antiform is constrained by the intrusion of the 3216 +2/À1 Ma Dalmein pluton [Kamo and Davis, 1994] , located immediately to the west. However, 207 Pb/ 206 Pb zircon evaporation dates of the undeformed Vlakplaats granodiorite, which crosscuts the Komati Formation and its foliation within the antiform (Figure 6 ), give a mean of 3450 ± 3 Ma, which was interpreted to place a minimum age on development of the antiform . We resampled this intrusion for the present study (WKC00-88; Figure 7 ).
Mapping and Structural Analysis
[23] Field mapping and sample collection focused mainly on the Steynsdorp gneiss and the contact between it and the Theespruit Formation. A map with lithologic contacts based primarily on Kröner et al. [1996] , with additional lithologic detail and new structural data from this study, is presented in Figure 6 . Overall, our observations agree well with those reported in previous studies [Kisters and Anhaeusser, 1995b; Kröner et al., 1996; Viljoen and Viljoen, 1969] , though a few points not reported or emphasized in those studies will receive focus here, in that they lead us to a richer kinematic interpretation.
[24] First, contact-parallel, concentric foliation in the dome becomes less evident toward its center, where foliation is weak to nonexistent. Lineations defined by stretched quartz, feldspar and amphibole are still present in the core of the gneiss dome (Figure 6 ). There is a sharp decrease in the amount of strain across the contact between the Theespruit and Komaati formations, and undeformed semicircular ocelli and pillow lavas are preserved in the Hooggenoeg Formation.
[25] Second, an important characteristic of the sheared contact between the Steynsdorp gneiss and the overlying Theespruit Formation is that asymmetric kinematic indicators within tens of meters of the contact show evidence for noncoaxial shear. This consists of sigmoidal garnet porphyroblasts in the Theespruit Formation within several meters of the contact, $15 examples of sigmoidal feldspar megacrysts in the orthogneiss (symmetric mantled porphyroclasts are dominant), and sheared and offset granitic dikes (Figure 7) .
[26] The direction of offset for noncoaxial shear can be determined by these asymmetric features. Along the western margin of the Steynsdorp gneiss, mantled garnet and feldspar porphyroclasts give dextral offset when observed in a plane perpendicular to foliation and parallel to lineation (Figures 7a and 7b) . Dextral shears in offset dikes along this margin are consistent with this interpretation, and indicate that simple shear was important locally (Figure 7c ). Similar to the late dikes described in the PSZ, these crosscut the foliation but contain a similar lineation to that of the host gneiss and in places are offset along foliation planes, sometimes brittley (samples EKC02-38, EKC02-46, and EKC02-47). The northern margin of the Steynsdorp gneiss contains asymmetric mantled feldspar megacrysts that indicate a dominantly normal sense of motion (top down to the NE) when observed in a plane perpendicular to foliation and parallel to lineations. No macroscopic indications of noncoaxial shear are evident in the center of the Steynsdorp gneiss dome, though the rock is strongly lineated. The contact on the eastern margin of the pluton is not as well exposed, though lineations are parallel to those throughout the antiform. Along the southern margin of the Steynsdorp pluton, the crosscutting Mpuluzi batholith is well exposed. This portion of the batholith is fine-grained and in places contains shallow dipping foliation defined by aligned biotite (Figure 6 ). Some localities contain strongly to moderately developed quartz stretching lineations that are subparallel to the lineations observed in the Steynsdorp antiform. 
. Previous Work
[27] A series of orthogneiss and amphibolite exposures located along the Kaap river NE of Barberton clearly expose a shear zone, here called the Honeybird Shear Zone (HSZ). The HSZ separates quartzites and metaconglomerates of the Moodies Group from several generations of orthgneisses, including a gneissose portion of the Stentor pluton. Several studies detail the sedimentology and structural geology of this portion of the Moodies Group and nearby localities [Anhaeusser, 1972 [Anhaeusser, , 1976 Fripp et al., 1980; Gay, 1969; Heubeck and Lowe, 1994b; Lowe and Byerly, 1999a] . Fripp et al. [1980] interpreted the contact to be a ductile, south dipping thrust fault. However, de Ronde and de noted that the footwall of this south dipping shear zone is part of the Stentor pluton, which was dated at 3107 ± 5 Ma $10 km away from the Honeybird locality [Kamo and Davis, 1994] , and suggest that the fabrics in the HSZ record late transtension in the area. Dziggel et al. [2006] report quantitative P-T data as well as structural data and interpretations for the rocks in and near the HSZ. They find there is a transition, at least in some places sharp, from amphibolite to greenschist grade rocks at or near the roughly E-W trending contact between orthogneiss and schists of the Onverwacht group. Shear sense indicators suggest orthogneiss-up, paragneiss-down movement along high-strain zones located near these contacts [Dziggel et al., 2006] . Although that study provides no geochronological constraints on the timing of metmorphism or deformation, they infer that both were related to circa 3230 Ma terrane collision and orogen parallel gravitational collapse [e.g., Kisters et al., 2003] . Our purpose in studying the area was to work out the relative sequence of intrusions and to help resolve the kinematics and timing of movement on the HSZ.
Field Descriptions of the HSZ
[28] Our investigation of the HSZ focused on rocks that are clearly exposed along the Kaap river, off R38 NE of Barberton, on the dirt road to the old Honeybird rail depot Figure 8 ). The gneissosity in this unit is defined by compositional banding, flattened quartz and feldspar, and the planar alignment of biotite. This unit is cut by a more homogeneous orthogneiss of granodioritic to granitic composition. About 1 km north of the road crossing the river, only the homogeneous granitic gneiss is present, and it strikes $E -W and dips 30 -60°to the south (sample KPV99-89; Figure 8 and Table 1 ). This granitic gneiss is cut by late pegmatitic dikes. Farther south (closer to the Moodies contact), the older banded gneiss is present and both it and the granitic gneiss develop a gneissic foliation with well-developed quartz and feldspar stretching lineations that trend and plunge to the SW (Figure 8 ). In addition, several generations of pegmatitic dikes crosscut the mylonitic foliation. The older generations are variably sheared into parallelism with the host rock and have parallel lineations as well. Younger generations of dikes, that crosscut the foliation are foliated yet unlineated, and are offset semiductilely (samples BS04-1 and BS04-2; Figure 8 ). Many of these dikes are offset with a normal shear sense (top to the south) along foliation planes, though quality 3D viewing is difficult in this area, so this remains a tentative conclusion. The contact with the Moodies Group in the hanging wall of the HSZ is several hundred meters to the south, but is not exposed. Though published maps of the area [Anhaeusser, 1972; Dziggel et al., 2006] show Overwacht Group rocks between orthogneiss and Moodies Groups in this area, these units are covered and/or nonexistent in the observed section. Lower-grade Moodies conglomerates are exposed $1 km to the SW in the Eureka Syncline.
Southwest Margin: Stolzburg Complex and Nelshoogte Pluton
[29] Most of the recent published work on the granitoids flanking the BGB has been focused along the SW margin of the belt, particularly within the Stolzburg complex and surroundings (see section 2; Figure 9 ). Kamo and Davis [1994] reported an age of 3460 +5/À4 Ma for the oldest phase of the Stolzburg complex (from the same locality as KPV99-96), and also dated two near-concordant zircons with 207 Pb/ 206 Pb dates of circa 3237 and 3255 Ma in a younger foliated phase. One concordant sphene analysis from that sample gave a 207 Pb/ 206 Pb date of circa 3201 Ma. Kisters et al. [2003] suggest exhumation of these rocks occurred along a midcrustal detachment that runs within the BGB directly north of the northern margin of the Stolzburg complex (Figure 9 ), thereby juxtaposing those rocks against the lower-grade rocks of the greenstone belt. Our sampling strategy in this area aimed to place constraints on the <600°C exhumation history of the footwall rocks of the proposed detachment, in order to help determine the timing of juxtaposition of the BGB with the higher-grade rocks to the south.
[30] We collected three sets of samples for zircon and apatite geo/thermochronology. EKC03-3 was collected from the NE margin of the Stolzburg complex where undeformed rocks of the Stolzburg gneiss intrude into amphibolites that are in contact with garnet-sericite schists of the Theespruit Formation (Figure 10 ). The other samples were collected from the central Stolzburg Complex where highly deformed banded gneiss (KPV99-96; Figure 11 and Table 1 ) contains greenstone xenoliths, both of which are cut by a set of deformed dikes (EKC03-11; Figure 11 and Table 1 ). Finally, samples EKC03-9 and KPV99-94 were collected from the circa 3236 Ma Nelshoogte pluton to confirm its age and constrain its thermal history ( Figure 10 and Table 1 ).
Kinematic and Geochronologic Interpretations
[31] This study has focused on four well-exposed areas that separate the low-grade supracrustal rocks of the Barberton greenstone belt (BGB) from the generally higher-grade orthogneisses that surround the belt. This section provides kinematic interpretations based on the structural data from this and other studies, with the timing of movement in the examined shear zones provided by our new U-Pb geochronology (summarized in Table 1 and Figure 12 ). This is coupled with evidence for differential exhumation given new and published U-Pb and 40 Ar/ 39 Ar thermochronology.
Pigg's Peak Inlier
[32] The Pigg's Peak inlier in NW Swaziland (Figures 2-5 ; section 3.1) records complicated early intrusion and deformation at circa 3.66 -3.23 Ga within the AGC. The oldest unit sampled in this study, a porphyritic tonalite gneiss (Figure 4) , also gives the oldest age in the Kaapvaal craton, with a 207 Pb/ 206 Pb date of 3662.8 ± 0.5 Ma. The finegrained granitic gneiss that cuts the porphyritic gneiss and the bimodal gneisses (Figure 3 ) was originally mapped as Pigg's Peak granite [Wilson, 1979 [Wilson, , 1982 . It is in fact distinct texturally from the circa 3140 Ma Pigg's Peak granite [Schoene and Bowring, 2007] and is also considerably older, dated at 3545.6 ± 0.5 Ma (Figure 4 ). These dates from the AGC are consistent with zircon ion-microprobe dates reported by Compston and Kröner [1988] and Kröner et al. [1989] , though our samples show a less heterogeneous spread in dates that may be due to actual differences in zircon growth, a bias introduced by the chemical abrasion method (e.g., which may have preferentially dissolved younger high-U metamorphic rims), or that Pb loss in the previous studies was masked by the relatively large errors associated with ion microprobe U-Pb analysis.
[33] Evidence for deformation before circa 3.23 Ga in the AGC was erased inthe NEstriking, NWdipping Phonphonyane Shear Zone (PSZ). This zone separates the amphibolitegrade basement orthogneiss of the Ancient Gneiss Complex (AGC) from what are likely subgreenschist grade sandstone and siltstone of the BGB to the NW. The most prominent features in the PSZ include the consistency of the NE striking, NW dipping foliation and gneissose layering and the NE trending and plunging linear features, such as stretching lineations and fold hinges (Figure 3, section 3.1) . The finite strain ellipse is oriented with the X-Y axes within the plane of foliation and the X direction parallel to stretching lineations. The X-Z plane of the finite strain ellipse is often inferred to also indicate the direction of movement within the shear zone (i.e., parallel to lineations). Several studies suggest that this assumption can be misleading, in that natural examples and numerical modeling of transpressional and transtensional systems show that the X-Z plane can be perpendicular to the transport direction depending on the relative magnitude of pure and simple shear [Lin and Jiang, 2001; Lin et al., 2007; Passchier, 1998; Sullivan and Law, 2007; Tikoff, 1997] . The type of shear in the PSZ was undoubtedly noncoaxial and heterogeneous on a variety of scales given the rheological differences resulting from different lithologies (e.g., zones of boudinage), as well as the rotation of a complex nonuniaxial fold hinge distribution recorded outside the PSZ into the subparallel hinge patterns observed within the PSZ (Figure 3 ). These rotated features and the mylonitic foliation with uniform lineation patterns developed in the PSZ suggest that finite strain was high; the rarity of asymmetric shear sense indicators suggest that finite strain was primarily that of flattening. The shear sense indicators that were observed, however, indicate right-lateral shear parallel to stretching lineations and fold axes (section 3.1). A glimpse into the incremental shear history of the PSZ is given by late synkinematic dikes that are offset dextrally subparallel to lineations, suggesting that the paucity of asymmetric features in the host rock was a result of large noncoaxial strain. Furthermore, Lin et al. [2007] argue that lineations in planes that approach simple shear strain are akin to slickenslide formation in brittle regimes and clearly indicate transport direction. Thus, lineations on foliation planes that clearly offset dikes ( Figure 5 ) provide strong evidence that NE -SW rightlateral shear dominated the PSZ. Therefore, the kinematics of the PSZ were right-lateral strike-slip motion with a component of dip-slip extensional shearing (i.e., transtension). Such a normal displacement in the PSZ is consistent with the abrupt change in metamorphic gradient (higher grade in the SE) across the NW dipping structure.
[34] Timing of NE directed transtension in the PSZ is constrained locally by the crystallization age of a late syntectonic dike (sample EKC02-8) of 3223.4 ± 1.9 Ma ( Figure 5 ). As mentioned above, these dikes record the late history of the shear zone, but have lineation patterns identical to other rocks in the PSZ, suggesting their crystallization constrains the termination of a longer sequence of right-lateral shear in the PSZ. This timing for deformation contrasts the results of Schoene and Bowring [2007] based on U-Pb sphene and apatite thermochronology, which show that a period of rapid cooling and 7 -15 km of exhumation of the AGC coincided with the intrusion of the Pigg's Peak Figure 12 . Summary diagram of structural, geochronological, and thermochronological data for the kinematics, distribution, and timing of important tectonothermal events in the BGB between circa 3.45 and 3.10 Ga. BGB, Barberton greenstone belt; PSZ, Phophonyane Shear Zone; SSZ, Steynsdorp Shear Zone; HSZ, Honeybird Shear Zone. Numbers in parentheses represent data from the literature: 1, López- Martinez et al. [1992] ; 2, Kamo and Davis [1994] granite at circa 3140 Ma (see section 2). Therefore, our data require that either the zircons from EKC02-8 are inherited or that the younger period of exhumation was not due to penetrative shear in the PSZ. If the latter is true, then offset was accommodated along a reactivated portion of the fault farther NW than sample EKC02-8 (Figure 3) . Given that the analyzed zircons showed no resorption and there was no evidence for inheritance (e.g., >3.2 Ga zircons of the host rock), the zircons likely crystallized in the dike. The geochronologic and thermochronologic data sets therefore imply a complicated history of movement along this structural boundary that involved movement circa 3.22 Ga at temperatures in excess of 600°C, following by reactivational exhumation at circa 3.14 Ga to below 400°C in the middle crust. If it is safe to assume that the contact between the BGB on the north and AGC on the south parallels the foliation patterns, then the overall offset between the two requires a large component of normal faulting over time.
Detailed thermobarometry is needed to further quantify these first-order P-T-t estimates. Such work would help verify if, for example, higher-grade metasediments (e.g., amphibolite grade) exist in contact with the orthogneisses, as has been well-documented in the Stolzburg Complex [Kisters et al., 2003; Diener et al., 2005] and is likely true in the Steynsdorp Complex. This would thereby increase the lateral distance over which offset could have occurred within the PSZ.
Steynsdorp Complex
[35] The structural observations described in section 3.2, when coupled with the analysis presented by Kisters and Anhaeusser [1995b] , allow for interpretation of the kinematics of the formation of the Steynsdorp Complex. Kisters and Anhaeusser [1995b] interpret the complex to have formed during NW -SE subhoriztonal compression: the rheological contrast between the buoyantly rising Steynsdorp Gneiss and the overlying metasediments resulted in foliation that parallels the concentric contact between the two lithologies. Because the amount of strain also decreases away from this contact, we term the zone from the Theespruit-Komati contact to slightly below the Theespruit-Steynsdorp contact the Steynsdorp Shear Zone (SSZ; Figure 6 ).
[36] An aspect not emphasized by Kisters and Anhaeusser [1995b] is the importance of offset along the SSZ. Several observations, however, indicate that significant exhumation occurred along this contact. First is the apparent contrast in metamorphic grade of mafic rocks between the Steynsdorp Gneiss (containing amphibolites), the overlying Theespruit formation (talc-chlorite-actinolite schists), and the Komati formation (highly altered, but lowgrade ultramafic volcanics). Quantitative thermobarometry with geochronology, however, is necessary to calculate an absolute amount of vertical displacement as a function of space. Second, asymmetric shear indicators within the SSZ give consistent hanging wall to the NE shear sense (see section 3.2; Figure 7 ). This suggests that in fact along the western margin of the SSZ, the faulting is predominantly dextral strike slip, whereas on the northern margin it is dominated by normal sense shear. The direction of transport implied by these features is parallel to the regional NE -SW stretching lineations in all lithologies (and notably not concentric, as would be expected by simple diapiric rise of the gneiss dome). Thus the Z axis of the finite strain ellipse trends uniformly to the NE, though its plunge rotates, as does the trend and plunge of the x axis. This implies that local stresses dictated the resulting strain along the PSZ, rather than the regional NW -SE compression that is implied by crenulation cleavages in the metasediments as well as the ''hinge collapse'' of the anticline in the NE section of the field area [Kisters and Anhaeusser, 1995b] . The faulted contact between the Theespruit and Komati formations also corresponds with a significant lowering in the amount of strain and potentially the metamorphic grade of the rocks to the north. This implies that this contact may have contributed significantly to the overall offset.
[37] The kinematics of the SSZ are consistent with the interpretation that NE -SW extension along the SSZ was important during both the formation of the lineation and foliation patterns and also its vertical, domal exhumation, not unlike those described in metamorphic core complexes in younger orogens [e.g., Davis and Lister, 1988; Lister et al., 1984; Saltzer and Hodges, 1988; Whitney et al., 2004] . These systems are common where orogen-parallel extension and dome formation locally dominate the kinematics of deformation. In some core complex systems, horizontal contractional features perpendicular to the extension direction are also observed (i.e., y axis contraction [Fletcher and Bartley, 1994] ), not unlike the NE -SW striking, vertically dipping crenulation cleavage in the Theespruit Formation [Kisters and Anhaeusser, 1995b] . Modeling the Steynsdorp antiform as a core complex is convenient in that all foliations and lineations observed can be generated simultaneously. However, such a model implies a genetic relationship between extension and dome formation, which is difficult to establish in this area based on the field relationships alone. Therefore, geochronology and thermochronology are used to provide further constraints.
[38] The timing of formation of the predominant foliation and lineation patterns in the Steynsdorp antiform is in part bracketed by the intrusion of the undeformed Vlakplaats granodiorite (sample WKC00-88; Figure 7) , dated here at 3229.8 ± 0.6 Ma, which crosscuts the fabrics of the Komati Formation. This is over 200 Ma younger than the previous estimate for the age of this granodiorite (circa 3450 Ma ), and therefore drastically lowers the age limit on the timing of formation of the Steynsdorp antiform to one that is more consistent with existing tectonic models for BGB. However, a series of syntectonic dikes with similar kinematic indicators to the host SSZ (Figure 7 ; samples EKC02-38, EKC02-46, and EKC02-47) intruded the SSZ circa 3104 Ma. This suggests that while the major geometry of the antiform formed circa 3230 Ma, the SSZ was locally reactivated with similar kinematic sense during intrusion of the dikes. The dikes are, in places, also brittely offset at the contact between the Steynsdorp gneiss and Theespruit Formation, suggesting that brittle offset along this margin was important at lower temperatures as well.
Moderate foliation and locally well-developed lineations within the circa 3107 Ma Mpuluzi batholith at the southern contact with the Steynsdorp pluton are consistent with its intrusion into a tectonically active setting.
[39] Vertical exhumation of the Steynsdorp gneiss (i.e., dome formation) is constrained in part by U-Pb apatite thermochronology. U-Pb apatite dates from the Vlakplaats granodiorite in the hanging wall of the SSZ are 3200 -3230 Ma whereas those from the footwall in the Steynsdorp gneiss (sample EKC02-40; Figure 7 ) are circa 3160 -3185 Ma. Younger apatite dates from the Steynsdorp gneiss are therefore either a result of (1) continued localized extensional exhumation along the SSZ, (2) slow thermal equilibration following exhumation, or (3) from resetting by the Mpuluzi batholith, whose contact is $1.5 km from the sample locality. However, because the igneous protolith for the Steynsdorp gneiss is circa 3518 Ma, it is clear that circa 3.23 Ga reheating and/or exhumation occurred within the Steynsdorp gneiss at that time, and that dome formation likely occurred at temperatures above 400 -500°C. Therefore, all the above structural geochronological and thermochronological data are consistent with generation of the Steynsdorp dome during orogen parallel extension along the SSZ, and therefore supportive of a midcrustal core complex model for its formation at or immediately prior to circa 3.230 Ga.
Southwest Margin of the BGB
[40] The SW margin between the BGB and the Stolzburg complex exposes the highest-grade rocks near the BGB yet described [Diener et al., 2005; Dziggel et al., 2002; Kisters et al., 2003; Stevens et al., 2002; Moyen et al., 2006] . Our samples of the Stolzburg complex record very different thermal and deformational histories. One sample from the interior of the complex (sample KPV99-96) is of highly deformed gneiss whereas that from the NE margin of the complex (sample EKC03-3) is undeformed and preserves intrusive contacts into the base of the Theespruit Formation of the BGB (Figure 9 ). Both samples give identical crystallization ages of 3455.5 ± 0.6 and 3455.9 ± 0.5 Ma for the deformed and undeformed samples, respectively (Figures 9, 10, and 11). Ductile deformation of KPV99-96 in the central portion of the Stolzburg complex largely predates the age of a crosscutting dike (sample EKC03-11, Figure 11) , that crystallized at 3212.5 ± 0.8 Ma. The fact that the central Stolzburg complex is deformed whereas the northern boundary of the pluton is not suggests that either there is a significant structural break between these two locales or that they responded differently to circa 3.2 Ga regional deformation. This question is further clarified by the U-Pb apatite thermochronology, as follows.
[41] U/Pb apatite dates in the undeformed northern margin of the Stolzburg complex (sample EKC03-3) are all older than 3.27 Ga and should yield a minimum cooling time for the rock through $400-500°C [Cherniak et al., 1991; Chamberlain and Bowring, 2001; Schoene and Bowring, 2007] . Retrograde P-T conditions for metasediments <100 m from the sample locality are 6.1 ± 2.7 kbar and 569 ± 42°C and peak metamorphic conditions in rocks nearby are $7.5 kbar and 550°C [Diener et al., 2005] . Taking our apatite data at face value suggests that peak metamorphism occurred at >3.4 Ga and that the apatite data record cooling and/or cooling and low-T metamorphic overgrowth or Pb loss. However, U-Pb sphene data reported by Diener et al. [2005] give an upper intercept date of 3229 ± 25 Ma (on 12 LA-ICPMS U-Pb analyses) that they suggest estimates peak metamorphism. It is difficult to reconcile those conclusions with our data because apatite should be completely reset at 3230 Ma under the reported metamorphic conditions given the assumed Pb diffusion parameters. Application of the simple diffusion model of Schoene and Bowring [2007] shows that for apatite dates to fall roughly between 3.40 and 3.26 Ga by resetting at 3.23 Ga, the rock would have to be heated, for example, from <400 to 560°C (the lower end of peak temperatures, giving a maximum time estimate) and cooled again in less than $1.5 Ma. Given the P-T path calculated for these rocks by Diener et al. [2005] , this would imply a minimum burial-exhumation rate of $2.4 cm/a assuming instantaneous conductive heating/ cooling in the host rocks. This would correspond to values among the highest exhumation rates observed in modern orogenic belts [e.g., Burbank, 2002] . Considering that the sample in question here is undeformed, this seems unlikely. A simpler explanation is that the sphene dated by Diener et al. [2005] grew below its closure temperature [e.g., Aleinikoff et al., 2002; Frost et al., 2001] and that this portion of the BGB actually maintains a signature of circa 3.45 Ga metamorphism synchronous with intrusion of the Stolzburg, Theespruit and Doornhoek plutons, as was previously inferred [de Wit et al., 1983 [de Wit et al., , 1987b Kisters and Anhaeusser, 1995a] . Metamorphism at circa 3.4 Ga is also reflected by 40 Ar/
39
Ar dates of metamorphic amphiboles of >3.4 Ga from within the Komati Formation [López Martinez et al., 1992] , structurally <2 km from the present locality (but on the hanging wall of the proposed detachment of Kisters et al. [2003] ) (Figure 9) . A sphene date of circa 3.45 Ga was reported from the Theespruit pluton (Figure 9 ) [Kamo and Davis, 1994] , which is consistent with it having resided well below the closure temperature of sphene ($600°C) since its intrusion. However, other occurrences of circa 3.2 Ga sphene have been reported as well, for example, from the circa 3.45 Ga Doornoek pluton [Kamo and Davis, 1994] and metamorphic rocks within the central Stolzburg complex [Dziggel et al., 2005] . In addition, several of our 207 Pb/ 206 Pb apatite cooling dates are also much older than the age of the intrusion; only one of these is concordant and is circa 3.7 Ga. Apatite U/Pb dates that retain pre-high-temperature histories have never been reported and are unlikely given our understanding of Pb diffusion in apatite. The data presented here in combination with data from the literature thus clearly show a that a better understanding what controls the recorded dates of thermochronometers is necessary and that taking nominal closure temperatures at face value may sometimes be misleading or ambiguous.
[42] U/Pb apatite dates from the central Stolzburg complex (samples KPV99-96 and EKC03-11; Figure 11 ) of circa 3080 -3100 Ma can either record circa 3.1 Ga resetting or exhumation and cooling of these rocks synchronous with granitoid intrusion circa 3.1 Ga. Argument for the latter comes from the fact that the circa 3107 Ma Boemanskop syenite and Mpuluzi batholith are >5 km from the sample locality (Figure 9 ), and are therefore unlikely to have reset the observed circa 3.1 Ga apatite dates from initial 3.23 Ga cooling. By comparison, the apatite from the Steynsdorp samples (EKC02-40 and WKC00-88) are <2 km from the Mpuluzi batholith and still largely retain the 3.2 Ga cooling signature in the U-Pb systematics. Westraat et al. [2005] show that the circa 3.1 Ga Boesmanskop syenite and nearby Mpuluzi granite intruded in a transcurrent extensional setting, within an inferred regional-scale dextral transpressional system. A similar history may explain the exhumation of the southern/central Stolzburg complex, which would reconcile the potentially disparate cooling histories observed in the central and northern portions of the complex. But this would require the existence of a major zone of offset within the (poorly exposed) interior of the Stolzburg complex rather than north of its contact with the Theespruit formation (i.e., the Komaati fault as suggested by Kisters et al. [2003] ; Figure 9 ), though such a structure has not been identified in the field. Such a model may be oversimplified, however, given the preservation of (inferred circa 3.23 Ga) high-P, low-T metamorphism in the Stolzburg complex [Moyen et al., 2006] , which is difficult to do if the rocks resided in the middle-lower crust for 100 Ma. Thus, the potentially contradicting U-Pb apatite and sphene dates show that either the Stolzburg complex had an extremely spatially variable thermal history or that our knowledge of the kinetics of metamorphic reactions and volume diffusion in metamorphic rocks or thermochronometers is insufficient. Further studies in this area involving a combination of P-T and T-t data will help resolve these issues and better assess the history of this important Archean terrane.
Northwest Margin of the BGB
[43] Along the northern margin of the BGB, the south dipping Honeybird Shear Zone (HSZ) separates amphibolite grade orthogneiss in the footwall from schists of subgreenschist grade in the hanging wall (Figure 2 , also see map in the work by Dziggel et al. [2006] ). A banded gneiss in the footwall (sample KPV99-90; Figure 8 ) crystallized at 3258.3 ± 0.3 Ma, and is the oldest date of granitoid gneiss immediately north of the BGB, though xenoliths from the adjacent Nelspruit batholith gave U-Pb zircon dates of circa 3.3 Ga [Kamo and Davis, 1994] . This gneiss sample may be the plutonic equivalent of felsic tuffs from within the Fig Tree Group , which contain zircons that give a weighted mean U-Pb date of 3258 ± 3 Ma , implying a spatial proximity of the two at that time. The existence of these two rocks suggests that in fact the generation of continental crust and perhaps subduction north of the BGB began well before 3.23 Ga. The strongly foliated and lineated granitic gneiss of the Stentor pluton (sample KPV99-89; Figure 8 ) in this area intruded at 3106.0 ± 0.5 Ma, and both the older and younger phases have strongly developed NE -SW stretching lineations that plunge shallowly to the SW (section 3.3; Figure 8 ). A late synkinematic dike (sample BS04-2; Figure 8 ) from the HSZ contained a single noninherited concordant zircon with an age of 3104.6 ± 1.3 Ma. These two data require that significant ductile deformation occurred between 3106 and 3104 Ma. Macroscopic kinematic indicators within the gneiss samples (though sparse) suggest top to the southwest movement (involving a combination of dextral and normal movement), which is consistent with the sudden jump in metamorphic grade into the hanging wall metasediment schists. Dziggel et al. [2006] suggest both sinistral and normal component of shear several kilometers to the west of our study area. Such a change in displacement along strike may reflect the rotating orientation of the orthogneiss contact as a means of generating complex stress fields. In any case, because both sets of shallowly plunging lineations are structurally related [Dziggel et al., 2006] and contained within the circa 3106 Ma Stentor orthogneiss, the HSZ was active during or immediately after the emplacement of its granitic igneous protolith, in addition to or in place of circa 3.23 Ga, as was concluded by Dziggel et al. [2006] . Therefore, it is possible that the retrograde path of high-T, medium-P metamorphism recorded in these rocks may have been similarly related to 3.1 Ga exhumation.
[44] In contrast, thermochronology from the circa 3.23 Ga Kaap Valley and Nelshoogte plutons, also along the NW margin of the BGB (Figure 2 ), is consistent with their intrusion or rapid ascent into the middle or upper crust. U-Pb sphene and apatite data [Kamo and Davis, 1994; Schoene and Bowring, 2007] and 40 Ar/ 39 Ar hornblende data [Layer et al., 1992] from the Kaap Valley pluton document rapid cooling after intrusion circa 3227 Ma [Kamo and Davis, 1994; Schoene et al., 2006] (Figure 10 ). To the SW, our U-Pb apatite data from the 3236.2 ± 0.3 Ma Nelshoogte pluton (sample EKC03-9) range between 3225 and 3200 Ma, consistent with slightly slower postintrusion cooling compared to the Kaap Valley pluton.
40 Ar/ 39 Ar biotite and muscovite from those plutons give dates from 3.1 to 3.0 Ga that were interpreted to reflect a combination of slow cooling and partial resetting by the circa 3.107 Ga Mpuluzi batholith [Layer et al., 1992 [Layer et al., , 1998 ]. In light of the data presented in this study, the 40 Ar/ 39 Ar dates may also represent middle to upper crustal residence and slow cooling of these rocks during relaxation of isotherms following circa 3.14 -3.10 Ga tectonism and granite batholith intrusion.
The 3.23-3.10 Ga Tectonothermal History of the BGB
[45] The period of circa 3.23 Ga subduction accretion was likely an important formative event in the creation of the present architecture of the BGB. The discovery of the circa 3.258 Ga Stentor orthogneiss in combination with circa 3.3 Ga xenoliths reported north of the BGB [Kamo and Davis, 1994] , however, suggest that this period of crustal genesis was much longer lived than previously inferred (Figure 12 ). In addition, our findings from four localities that flank the margins of the BGB support previous studies showing that fault zones demarcating the TC5010 SCHOENE ET AL.: EVOLUTION OF EAST KAAPVAAL CRATON contacts between orthogneisses and supracrustal BGB rocks, as well as many thrust faults within the BGB supracrustal sequences, are dominated or overprinted by strikeslip and/or extensional movement instead of contraction de Ronde and Kamo, 2000; de Ronde et al., 1991; Lowe, 1994a, 1994b; Lowe et al., 1999] . This could indicate that following the 3.30 -3.23 Ga period of continent building that ended in circa 3.23 Ga compressional tectonism, there was a switch to a dominantly strike-slip and/or extensional tectonic regime. Two end-member models have been proposed for the mechanism of this transition. The first is that it was linked to overthickening of the crust during collision-accretion circa 3.23 Ga [Kisters et al., 2003; Diener et al., 2005; Dziggel et al., 2006] , resembling orogenic collapse observed in modern orogens worldwide. Thus, the collapse is manifested as extension along low-angle detachments and the resulting gravitational unloading of unusually buoyant orthogneiss complexes that produces a diapiric inversion of the crust along steeply dipping normal faults. This model was generated for other cratonic settings [e.g., Marshak et al., 1997] and is convenient in that it helps explain the apparent ''dome-and-keel'' structure that exemplifies many greenstone belts around the world [e.g., de Wit and Ashwal, 1997; Van Kranendonck et al., 2007] . The other endmember model involves tectonic quiescence following 3.23 Ga terrane accretion and a transition to strike-slip and transtensional tectonics that is concurrent and related to the intrusion of the prolific granitoid batholiths circa 3.10 Ga [e.g., de Kamo and Davis, 1994] . Deciphering whether either of these models is accurate requires linking the kinematics and timing of deformation with block exhumation on a regional scale.
[46] If the dominant crustal architecture of the BGB at present was the result of the orogenic collapse model of Kisters et al. [2003] , one would expect a transition to extensional tectonics to follow immediately after contractional deformation that occurred between 3230 and 3227 Ma within the Onverwacht and Fig Tree Group rocks throughout SW BGB de Ronde and Kamo, 2000; Kamo and Davis, 1994] and in the adjacent basement complexes south of the BGB [e.g., Dziggel et al., 2005; Stevens et al., 2002] . In addition, considerable vertical exhumation of flanking orthogneiss terranes (i.e., cooling) along the bounding extensional faults would be expected at that time. However, the majority of the data from this study (section 4, Figure 12 ) require that (1) zones of extension and contraction were active synchronously at circa 3.23 Ga and (2) large crustal blocks were exhumed from the middle/lower crust to the upper crust during granite batholith intrusion circa 3.14-3.10 Ga, in addition to or instead of at circa 3.23 Ga (Figure 12 ). In fact, suggesting an overall switch to extensional and strike-slip tectonics after circa 3.23 Ga may be slightly misleading, given that both types of kinematics likely existed during circa 3.23 Ga accretion. However, the importance of vertical exhumation and cooling of crustal blocks at circa 3.14 -3.10 Ga is more easily accommodated if an important extensional component existed at that time, which is supported by field and geochronological data. Therefore, an orogenic collapse and diapiric episode at circa 3.23 Ga may or may not have occurred, but there is little geochronologic evidence for it, and its existence would be partially obscured by the drastic modification of crustal architecture circa 3.14 -3.10 Ga.
[47] We suggest that the near contemporaneous existence of contractional, extensional and strike-slip kinematics combined with widespread magmatism circa 3.23 Ga is most consistent with a model involving dextral oblique subduction-accretion in which the BGB and its bounding blocks accommodated strain in such a way that resulted in an asymmetric flower structure geometry. This mechanism can accommodate the simultaneous occurrence of multiple modes of deformation without appealing to major changes in the regional tectonic regime [e.g., Holdsworth et al., 1998 ]. In such an environment, the specific kinematics on a fault plane would be dictated by the local stresses related by rigid bodies such as plutons or gneiss domes and the preexisting orientation of fault surfaces (Figure 12 ). For example, in an overall dextral transpressional system accommodated along NE -SW faults, transtension may in fact be expected along a fault like the PSZ with a more easterly strike as small dilational transcurrent zone (Figure 12 ). This interpretation is compatible with previous models regarding the localized timing of compression or inferred subduction and accretion (see references above) and oblique convergence . Sedimentology in the Moodies Group is consistent with deposition of conglomerates into a wide array of depositional settings contemporaneous with the NW -SE shortening in the belt Lowe, 1994a, 1994b; Lamb, 1984; Lamb and Paris, 1988; Lowe and Byerly, 1999b] . For example, Heubeck and Lowe [1994b] showed that Moodies deposition in the western BGB, north of the Saddleback-Inyoka fault system (Figures 2 and 9 ), was initiated in extensional basins, some of which were then converted to contractional depositional settings in intermontane basins. Additionally, clast composition and paleocurrent directions are variable within the Moodies Groups across the belt Lowe, 1994a, 1999; Jackson et al., 1987; Compston and Kröner, 1988] , indicating a potentially complex tectonic setting for their deposition. Therefore, while there is good evidence for thickening of the crust in a convergrent tectonic regime circa 3.23 Ga, there is little evidence that the thickened crustal column resulted in gravitational instability such as diapirism on a regional scale that postdated crustal thickening. We suggest that if such a process occurred, it may be recorded in the Kaap Valley or Nelshoogte plutons, as they are the only studied orthogneiss bodies that have a thermal history consistent with such a model. Exhumation and core complex formation circa 3230 Ma in the Steynsdorp dome clearly indicates that buoyancy driven processes were important, as in other orogenic belts, though in this case either predates or is synchronous with contraction in the belt.
[48] New and published data indicate that the majority of differential exhumation recorded by juxtaposed metamorphic blocks along the boundaries of the BGB occurred during granite batholith intrusion and strike-slip to transtensional tectonics circa 3.14 -3.10 Ga. During this time reactivation of older structures partitioned strain into localized zones and acted to help preserve the older geologic histories of individual tectonic blocks ( Figure 12 ). As during 3.23 Ga transform accretion, it is possible that transpressive kinematics would be recorded in some localities, depending on the orientation of reactivated faults. Westraat et al. [2005] argue that the circa 3.1 Ga Mpuluzi batholith intruded in a dilational jog of an overall (obliquedextral) compressive stress field. However, we argue that based on the orientation of many observed shear zones (e.g., the PSZ and HSZ, Figure 2 , with low-grade rocks in the hanging wall) and the amount of necessary vertical exhumation to account for the cooling patterns (e.g., 7 -15 km in the PSZ; Figure 12 [Schoene and Bowring, 2007] ), that significant amounts of normal offset were also required at this time. If strike-slip motion was dominant, it requires that rocks traveled large lateral distances as well, potentially juxtaposing blocks of crust with vastly different sedimentological, structural and thermal histories. Similarly longlived transform boundary accretionary events have been suggested in more modern orogens, for example the northern Cordillera in North America [e.g., Johnson, 2001; Irving et al., 1996] and the Alpine fault system in New Zealand [e.g., Walcott, 1998 ], and both involve significant amounts of vertical displacement in addition to 1000s of kilometers of lateral transport. In this case, ''dome-and-keel'' formation in the BGB need not be the result of a single and instantaneous regional-scale event but instead may be best explained by a series of processes having affected a now deeply eroded, long-lived transform boundary.
[49] The interaction between magmatism and deformation is of great importance for the generation and subsequent evolution of the continents [Axen et al., 1998; Hollister and Crawford, 1986; Hollister and Andronicos, 2006; Hutton, 1988; Klepeis et al., 2003; Mahan et al., 2003; Miller and Paterson, 2001; Pavlis, 1996] . Thus, the coincidence of 3.2 -3.1 Ga magmatism and transpressional to transtensional deformation within the BGB is in many ways typical of more modern orogenic settings and zones of crustal building. Several mechanisms can be invoked to cause the coincidence of strike-slip and transtensional tectonics and granitic batholith intrusion between 3.14 and 3.10 Ga in the BGB: crustal thickening and extended lower crustal incubational heating over 100 Ma [e.g., Bird, 1991; Kusznir and Matthews, 1988; Sandiford et al., 2004; Zhao and Morgan, 1987] , lower crustal delamination [Bird, 1979; Meissner and Mooney, 1998 ], or simply by further field plate interactions given the abundance of circa 3.1 Ga activity throughout the central craton [de Wit et al., 1992; Moser et al., 2001] . Deciphering between these different mechanisms will involve a systematic treatment of circa 3.14 -3.10 Ga granite geochemistry and intrusive mechanisms on a larger regional scale, which requires further work and is beyond the scope of this paper. In reality, the BGB is likely a very small portion of a potentially much larger orogenic system. Further work north and south of the BGB in the Nelspruit migmatite terranes described by Viljoen and Viljoen [1969] and Robb and Anhaeusser [1983] and to the south in the AGC and southern Swaziland may help answer these questions as well as further define the structural geometries circa 3.23 -3.10 Ga. The new constraints provided in this contribution and from previous work form a solid foundation on which further regional models can be built.
Implications for Stabilization of the Eastern Kaapvaal Craton
[50] The period of strike-slip to transtensional tectonics at circa 3.2-3.1 Ga is the last penetrative deformational event documented in the vicinity of the BGB and may be related to the final stabilization of this segment of lithosphere. Two major modifications of the compositional and structural architecture of this portion of the crust likely occurred during this period: (1) crustal extension associated with transtensional faulting may have led to an overall thinner crust, and (2) perhaps more importantly, granitic magma generated in the lower crust intruded as subhorizontal planar sheets in the middle to upper crust. This transition paved the way for erosion and peneplanation of at least 5 -10 km of upper crust prior to shallow marine deposition of the Transvaal Supergroup on the western margin of the BGB at circa 2.6 Ga, and probably by 2.9 Ga before the marine transgressions of the lower Witwatersrand basin and Pongola sequences to the west and south, respectively [e.g., de Wit, 2007] .
[51] If circa 3.14 -3.10 Ga crustal modification resulted in thinner crust, as may be implied by the significant cooling recorded by U-Pb thermochronology, it is predictable that such a process would create a lithosphere that is structurally stable over long intervals (Figure 13 ). Rheological profiles of materials as a function of pressure and temperature show that a material's intrinsic strength generally increases as a function of depth until it passes from the brittle into the ductile flow regime, at which point the strength decreases dramatically with depth [Brace and Kohlstedt, 1980; Kusznir and Karner, 1985; Ranalli, 1995; Ranalli and Murphy, 1987] . Therefore, a crust of any single composition and mineralogy will be stronger if its thickness is near the brittle-ductile transition, which is usually in the middle to lower crust, depending on the composition of the crust and the geotherm.
[52] The transport of granitic magma into the upper crust can help stabilize it in several ways in addition to generating a strong rheological column. First, the placement of horizontally extensive sheets of granitic material can mechanically strengthen the crust, perhaps by crosscutting preexisting weaknesses with rigid material [Davidson et al., 1994; Karlstrom and Williams, 1998; Pavlis, 1996] . Perhaps more important is the redistribution of the radiogenic heat producing elements (HPEs) from the lower crust into higher crustal levels. This mechanism can act to stabilize lower crust by lowering its long-term heat production and also by creating opportunity to remove HPEs from the crustal column entirely through erosion of the upper crust Morgan, 1985] . To the west of our field area, in the central Kaapvaal craton, exhumation and peneplanation of circa 3.1 Ga granites and their subsequent burial beneath the Witswatersrand foreland basin occurred during a relatively short amount of time, constrained by the deposition of Dominion Group volcanics circa 3.09 -3.07 Ga [Armstrong et al., 1991; Robb et al., 1992] . This process acted to remobilize HPEs upward in the crust, which in turn had an important effect on the final distribution of heat in the crust there Nicolaysen et al., 1981; Johnson et al., 2006] . Timing of upper crustal exhumation is less well constrained in the eastern craton, but deposition of the cratonwide Transvaal Supergroup at circa 2.6 Ga adjacent to the BGB and deposition of the Pongola Supergroup in southern Swaziland at circa 2.9 Ga [e.g., Gutzmer et al., 1999; Strik et al., 2007] provide some constraints for upper crustal peneplanation. Thus, there are a number of positive feedbacks between extension and granitic magmatism that could have contributed toward a stable cratonic crust that is separate from the generation of a cratonic lithospheric mantle through subduction and accretion [Jordan, 1988; Schmitz et al., 2004; Grove and Parman, 2004] .
[53] Our observations in concert with previous investigations allow us to pose a three-stage model for stabilization of the eastern Kaapvaal craton: (1) subduction, mantle melting and block collision/accretion at circa 3.23 Ga led to depletion, accretional thickening and stabilization of the mantle lithosphere [de Wit et al., 1992; Jordan, 1988; Parman et al., 2004] , (2) extension, crustal thinning, and lower crustal melting circa 3.14 -3.10 Ga led to a more stable crustal rheological structures, which was further induced by (3) erosion and removal of HPE-rich upper crust. This sequence of processes gave the lithospheric column an inherent strength that has isolated it from further horizontal deformation for circa 3.0 Ga, despite its recent proximity to the margin of the African plate.
[54] The timing of stabilization is apparently different between the eastern, western, and northern Kaapvaal craton, in that most of the western and northern craton (Kimberly and Pietersburg blocks, respectively, see Figure 1 ) experienced several episodes of compression and extension between 3.1 and 2.7 Ga (see summaries of de Wit et al. [1992] , Schmitz et al. [2004] , Thomas et al. [1993] , and Johnson et al. [2006] ). Generation and apparent stabilization of the mantle lithosphere in the vicinity of Kimberley (Figure 1 ) is constrained by circa 2.9 Ga Re-Os model ages from kimberlite-borne mantle peridotite xenoliths and diamond inclusions [Carlson et al., 1999; Richardson et al., 1984 Richardson et al., , 2001 ], which Schmitz et al. [2004] argued was the result of mantle growth during convergence and block accretion at circa 2.9 Ga between the Witswatersrand and Kimberley blocks (Figure 1 ). However, significant crustal modification occurred after circa 2.9 Ga block collision across large portions of the central craton, most notably that of the circa 2.71 Ga Ventersdorp extensional episode. The effects of this event are evidenced as flood volcanism, rift basin subsidence ( Figure 1 ) and also as ultrahigh temperature metamorphism of the lower crust [Armstrong et al., 1991; Burke et al., 1985; de la Winter, 1976; Tinker, 2004, Schmitz and Bowring, 2003b; Tinker et al., 2002] . This final reactivation of the western Kaapvaal craton brings up several important points. The first is that the BGB and northern AGC were largely unaffected by these events, illustrating that craton stabilization is diachronous, affecting different portions of lithosphere at different times. Second, it is an interesting observation that extensional rifting associated with the Ventersdorp event, not compression, was the final event to modify substantial portions of cratonic crust to the west of the areas described in this paper. Third, the preservation of peridotic diamond ages of circa 2.9 -3.2 Ga from lithospheric mantle may imply a decoupling between mantle and crust at circa 2.7 Ga [Doucouré and de Wit, 2002; Schmitz and Bowring, 2003b] . If our model for the eastern Kaapvaal craton is correct, it also implies decoupling between the crust and mantle in the eastern Kaapvaal craton during circa 3.1 Ga crustal (but not mantle) thinning, if crustal thinning was a necessary process in addition to HPE redistribution. This Figure 13 . Cartoon illustrating how lower crustal melting and crustal thinning can result in a stronger lithospheric column, as occurred in the eastern Kaapvaal craton circa 3.2 -3.1 Ga. Note that structures and therefore the mechanism of crustal reworking are not shown. Black box is a histogram indicating the relative concentration of heat-producing elements (HPEs) U, Th, and K within the crust before and after granite production and migration upward in the crust . Unitless s 1 -s 3 represents the differential stress required for failure of a rock (i.e., higher s 1 -s 3 corresponds to a stronger crust), plotted as a function of depth in the lithosphere, assuming a quartzofeldspathic crust and peridotitic mantle, both with homogeneous compositions, modified from Ranalli and Murphy [1987] .
striking similarity between the history of events recorded in the eastern and the west central parts of the Kaapvaal craton that potentially led to their temporally distinct stabilizations suggests a general applicability of this model for cratonic lithosphere growth and preservation.
